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This paper addresses the relationship of truck size and weight (TS&W) policy, vehicle
handling and stability, and safety. Handling and stability are the primary mechanisms relating
vehicle characteristics and safety. Vehicle characteristics may also affect safety by
mechanisms other than handling and stability. For example, vehicle length may affect safety
through interactions with other vehicles, such as passing maneuvers and in clearing
intersections, in addition to its influence on vehicle handling and stability. However, the safety
effect of vehicle length due to its influence on handling and stability is within the scope of this
paper, while safety effects arising through mechanisms other than handling and stability, such

as passing and intersection clearance, are not.

There is no direct relationship between TS&W policy and safety. Vehicle characteristics are
altered in response to TS&W policy, and vehicle characteristics also influence handling and
stability. A wide variety of vehicle characteristics may satisfy a given TS&W policy, and a
wide range of safety effects can result. This paper begins with a discussion of the recent
history of TS&W policy, and the influence of past policy on safety. The technical relationships
between vehicle characteristics and safety are summarized in Section 2. This material has been
condensed from a rather large body of literature. Performance measures are introduced to
describe (quantify) the capability of the vehicle in various maneuvers. The material in Section
2 summarizes the relationship of various vehicle characteristics and pertinent performance
measures (roll threshold, rearward amplification, braking efficiency, and offtracking). This
section also includes a summary of the literature addressing the relationship of these
performance measures to the in-service accident experience. In general, performance in safety-

related situations determines the safety impact of vehicle characteristics.

A related area of the literature, that is also covered in Section 2, addresses the influence of the

operating environment on safety. Factors such as road type, rural versus urban areas, and
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daytime versus night are associated with substantial differences in the risk of accident
involvement. The operating environment may be viewed as a demand for performance. This
material is followed with a brief discussion of the problems in making policy inferences based
on the in-service experience of limited vehicle populations. Differences in operating
environment can overshadow the influence of vehicle characteristics, and are probably
responsible for much of the past controversy over the safety of different configurations such as

single- versus double-trailer combinations.

The information from the literature, summarized in section 2, relating performance measures
and accidents is necessarily limited to past experience. Section 3 addresses the implications for
future TS&W policy. The literature on the relationships between vehicle characteristics and
performance measures is summarized in a series of axioms, and the role of gross combination
weight, vehicle configuration, and length are addressed. Knowledge gaps and research needs
are discussed in section 4. The concluding summary reduces the major themes to succinct
statements. The overall conclusion is that the safety impact of TS&W policy can be assessed

by evaluating vehicle performance in safety-related situations.
1. Recent History: The Influences of TS&W on Safety.

Safety has not been an explicit objective of TS&W policy to date. However, the evolution of
trucks within the constraints of existing TS&W policy can have significant safety impacts.
This section provides background on the historical relationship of TS&W policy and safety,
and 1t synthesizes ideas presented in recent studies concerning the influences of heavy vehicle

characteristics on control, stability, crashes, and safe operating performance.

TS&W rules were originally conceived as a means for road builders and road maintainers to
use in developing and maintaining roads that would be strong enough to serve transportation
demands. The basic premise was: if the vehicles used on these roads would conform to the
TS&W rules, the roads could be expected to serve their transportation function for an

economically reasonable period of time without wearing out.

Although not a conscious intent of the originators of the TS&W rules, the rules have had the
effect of deciding certain basic properties of heavy vehicle design that influence control,
stability, and safe operating performance as well as road maintenance and productivity. In
order to maximize productivity (the amount of payload that could be carried), vehicle designers
and vehicle specifiers (purchasers) looked for ways to create vehicles that fit the rules but, for

economic reasons, tended to push those rules to their limits. An ideal truck was one that was
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convenient to use for its intended job, could carry a large payload so that fewer driver trips
were required to perform the job, and could achieve the maximum bridge and pavement
loading allowed by the TS&W rules. Although the market place has helped to ensure that
productivity be considered, the direct influence of quantitative measures related to control,
stability, and safe operating performance has not been as apparent in the development of
TS&W rules.

Thus heavy trucks for general service in many locations are built to carry 20,000 pounds on
single axles, 34,000 pounds on tandem axles, and with axles spaced to satisfy Bridge Formula
B. Although these loading arrangements have an impact on safety, they were not developed
with safety in mind. They were developed to ensure that the highways and bridges would be
structurally adequate for the vehicles that are allowed to run on them.

These rules have been changed and modified from time to time and place to place to provide
greater productivity to the trucking industry where it was deemed economically important to
accept the need for stronger roads and bridges. For example, Michigan allows vehicles
weighing over 164,000 pounds. These may have 11 axles with 8 of the axles restricted to no
more than 13,000 pounds each in a typical configuration. This protects the pavements and
provides a favorable ratio of pounds of payload delivered to equivalent single axle loads
(ESALs) of pavement loading. To carry such heavy vehicles, Michigan designed bridges to
HS25 standards. Certain Western states allow various types of so called "longer combination
vehicles.” These vehicles are productive and meet local TS&W rules. There i1s now debate as to
whether these vehicles can be fit into wider usage in a way that would show reasonable
concern for productivity, safety, traffic, road maintenance costs, driver requirements, and

environmental conditions.

In some cases State agencies have considered other factors such as traffic flow, safety, and
environmental conditions in setting special TS&W rules. For example, Oregon does not allow
triples to operate when the environmental conditions are such that the roads are wet or slippery.
After several large gasoline fires involving fatalities, Michigan initiated research studies on the
control and stability of double tankers used to haul gasoline [1,2].! These studies showed that
there were vehicle design features that accounted for the control and stability problems. As
importantly, these studies showed that with improved vehicle designs these safety-related

problems need not occur. In Michigan, the original double tanker configurations were ruled

IReferences listed at the end of the paper.
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out, and new arrangements with special hitches and new designs of tankers were approved. In
addition, during the transition period, double tankers were restricted from traveling into urban

areas during time periods when traffic was congested.

1.1 Safety Quality Requires Safety Specificity

With regard to this paper, a very important point is involved here. If TS&W rules are to
address safety, they need to be more than rules for sustaining our ability to maintain the
infrastructure and more than rules for enhancing economic productivity. The solutions to the
double tanker problem showed that heavy vehicles can be designed to provide levels of safe
operating performance that are within the norm of current trucks. The weight and length
provisions of the current TS&W rules do not determine whether vehicles will be able to
operate safely. The point is, if designed properly, heavy vehicles can have safe operating
characteristics that will meet quantifiable performance levels involving directional control, roll
stability, tracking between the front and rear ends, and braking.

If TS&W policy is to embrace safety, there will be a need for new types of TS&W provisions
to aid in developing vehicles with safe levels of operating performance. Such provisions would
guide the development of larger and heavier vehicles that can be operated at safe performance
levels and that can be economically achieved with the latest vehicle technology. Ideally, it
would seem that a cooperative approach involving industry and government safety agreements

would be a desirable solution.

Federal legislation in recent years has allowed the weight cap to go from 73,280 to 80,000
pounds, twin 28-foot double trailer combinations are allowed nationwide, and overall length, as
influenced by tractor length, is not now allowed to restrict the use of 48-foot semitrailers.
Weight is not the only issue with respect to productivity. Size or "cube"” is also important in
determining the amount of payload that can be delivered in one trip. Many finished goods are
now lighter than they used to be so that more volume is desired even though the weight limit
on productivity may not be challenged for many types of cargo. Most states now have rules
allowing 53-foot trailers to operate routinely. Triple-trailer combinations are now allowed on
some turnpikes and in some western states. It appears that length restrictions are being set by
the forces of productivity since TS&W rules, based upon maintaining the quality of the
infrastructure for an acceptable period of time, encourage spreading vehicle weight over a
greater distance between less heavily loaded axles. As far as maintaining the infrastructure and

productivity go, this may be as it should be, but these changes in TS&W rules have rarely been
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strongly influenced by quantitative considerations of traffic, safety, and highway geometric

design—all matters that are worthy of consideration.
1.2 Recent Studies of Truck Size and Weight

There have been recent research studies performed in the U.S regarding the overall
acceptability including control, stability, and safety of heavy vehicles. These studies have been
supported by both U.S. and Canadian organizations. With the advent of the North American
Free Trade Agreement (NAFTA), it is interesting to observe that the safety-related aspects of
the inter-provincial rules in-place in Canada are based on work originally done for the
Canadians by researchers in the U.S.[3]. The Canadians have acquired the technology as
needed to use vehicle performance standards to make size and weight judgments. They are
now leaders in advocating performance measures for use in ensuring acceptable performance
of heavy vehicles in safety-related situations [4,5]. The Canadian approach has been to define a
set of vehicle configurations that possess performance qualities selected to enhance highway
safety as well as productivity and highway maintenance goals. They have offered economic
incentives in terms of larger payloads for vehicle configurations that have properties that yield

especially good performance in safety-related maneuvering situations.

The goal of establishing means for making safety-related evaluations of heavy trucks has been
studied by NHTSA [6,7,8], FHWA [9], and TRB [10]. Each of these studies has contributed
in its own way to the body of technology and knowledge now available for assessing the

safety-related performance of heavy trucks and especially longer and heavier trucks.
1.2.1 The 216 Study

The UMTRI study [7] in support of the 216 report to Congress laid out a comprehensive plan
for establishing performance based evaluations of heavy truck safety. (The later sections of the
UMTRI report to NHTSA contained time and spending charts covering some 35 specific
program areas and requiring an estimated 7 million 1986 dollars to complete in 10 years.) This
program involved (1) the use of performance measures for quantifying vehicle performance in
safety-related situations, (2) studies of the performance of the existing truck fleet, (3)
evaluation of the links between crashes and truck performance, (4) studies of countermeasures
to improve performance and mitigate crash potential, (5) the development of vehicle test
procedures, and (6) evaluations of the costs and benefits of potential safety rules. Figure 1

diagrams the elements of the proposed program.
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Figure 1. Information Base for Guiding Decisions on Safety-Related Performance

Some parts of this program have been addressed in the course of events. However, studies
establishing the performance capabilities of the existing truck fleet have not been done. Efforts
to develop countermeasures for current types of truck crashes have received some attention,
but indirectly through attempts to promote antilock braking and other technological
innovations. Test procedures have been developed for evaluating the threshold of roll stability
and the rearward amplification of motion from the front to the rear of truck-full trailer, double-
trailer, and triple-trailer combinations (Society of Automotive Engineers (SAE) J2180 [11],
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SAE J2179 [12]). In addition, test procedures for quantifying low speed offtracking have been
demonstrated and they are very simple to arrange, for example see [10]. Procedures for
evaluating the braking performance of heavy trucks have been available for some time and they
have been in and out of government standards as Federal Motor Vehicle Safety Standard
(FMVSS) 121, Air Brakes, underwent various modifications. It appears that a technological
basis for evaluating vehicle performance exists, but there is work to be done in choosing
practical levels of performance corresponding to reasonable application of the current state of

knowledge in vehicle technology.

The study [9] entitled "Safety Implications of Various Truck Configurations” had a theme
pertinent to this synthesis. The idea behind the study was to create a set of TS&W scenarios
based on selected current sets of existing and proposed bridge formulas and pavement loading
constraints plus offtracking allowances and other length and weight constraints including ones
that would be compatible with the use of International Standards Organization (ISO) shipping
containers. The research then developed vehicle designs that would be highly productive for
each TS&W scenario. Then the safety-related performance of hypothetical vehicles created to
represent these new designs was predicted using analytic techniques and computer simulation.
To the uninitiated, all of this may appear to be very tenuous, but the vehicle analyses and
simulations were based upon a foundation of testing of complete vehicles and laboratory
measurement of the mechanical properties of vehicle components that had gone on
successfully for many years [13]. The results showed that one could create vehicles that had
good safety-related performance or poor safety-related performance under the various
scenarios. It was a straightforward matter to pick out and design for those types of vehicle
combinations that would have acceptable safety-related performance in turning, tracking, and

braking maneuvers.
1.2.2 The Turner Truck Study

The study [10] of the “Turner Truck” was prompted by a suggestion by Francis Turner, a
former Federal Highway Administrator. Turner’s idea was to promote greater productivity
with less pavement wear by allowing higher gross combination weights if the vehicle was to
be equipped with enough axles such that the load per axle was greatly reduced from current
axle loads. Experimental evidence shows that pavement wear and fatigue is a sensitive function
of equivalent single axle loads (ESALSs). Although there is room for assessing whether a 4th
power law is a good approximation to use in evaluating the amount of pavement damage done
by particular vehicles operating on particular roads, the fact remains that pavement damage
increases dramatically with increases in axle loads. Given this sensitivity to axle loads, it
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follows that there are great advantages for increasing pavement life to be obtained by using
many lightly loaded axles as compared to a few heavily loaded axles. (This is the same
reasoning that caused highway engineers in Michigan to advocate the use of very heavy

vehicles with many, lightly loaded axles.)

In 1988 and 1989, the TRB conducted a study of the Turner Truck [10]. Several prototype
configurations of Turner Trucks were evaluated. These configurations included a 7-axle tractor
semitrailer (4-S3), a 9-axle B-train double (3-S4-S2), a 9-axle A-train double(3-S2-4), and an
11-axle double (3-S3-5). Even though these vehicles were restricted to 15,000 pounds on
single axles, 25,000 pounds on tandem axles, and 40,000 pounds on tridems, their GCWs
were approximately 87,000 pounds for the 7-axle tractor semitrailer, 112,000 pounds for the
B-double, 110,000 pounds for the 9-axle A-double, and 140,000 pounds for the 11-axle
double. For the doubles the trailer box lengths were taken to be 33 feet which improved cubic
capacity and allowed greater axle spreads which improved not only pavement loading but also
reduced rearward amplification of vehicle motions compared to those of doubles with 28-foot
trailers. These vehicles had low speed offtracking performance that was comparable to that of a

typical tractor pulling a 48-foot STAA semitrailer.

Analyses and simulations were used to compare the performance of the prototype Turner
Trucks with the performance of three current types of heavy trucks, specifically, a 5-axle
tractor semitrailer, a 5-axle double, and a 9-axle turnpike double. The three current or baseline
vehicles weighed 79,000, 80,000, and 130,000 pounds, respectively, and they all were
restricted to 34,000 pound tandem axles and 20,000 pound single axles. The 5-axle tractor
semitrailer and the 5-axle double met Bridge Formula B. The turnpike double had a typical
loading configuration such that it represented typical bridge and pavement loading as currently
applied by these vehicles. In general, the analyses and simulations showed that the prototype
vehicles were predicted to have safety-related performances in turning, tracking, rollover
immunity, and braking that were comparable to those of their baseline counterparts. As long
as comparable suspensions, tires, and brakes were used, the prototype vehicles were better than
the baseline vehicles in rollover immunity and steering sensitivity. Again the point is that one

can design longer and heavier vehicles that perform as well or better than current heavy trucks.

The Tumer Truck study also included an investigation of the relationships between
performance levels and fatal accident rates. Although in hindsight it seems clear that vehicle
performance in safety-related situations is a reasonable way to compare vehicles (and
particularly new types of vehicles with older types of vehicles), that was a new idea at the time

of the Turner Truck study. At the time there was an apparent dilemma. How could one
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evaluate new configurations of vehicles if these designs were not presently inuse? Even if a
relatively small number of new vehicles such as the 28-foot twins (the STAA doubles) was in
use, there was not enough crash experience to evaluate whether their crash record was better or
worse than that of currently used heavy trucks. It is clear that there is a fallacy in trying to reach
conclusions based upon examining the crash record of new types of vehicles that represent
only a small fraction of the overall heavy truck fleet. The solution used in the Turner Truck
study was to estimate the performance characteristics of the vehicles in the accident record and
to use those performance characteristics to evaluate crash risk. These relationships between
performance characteristics and crash risk can then be used to evaluate the crash potential of
new vehicle designs. Clearly these assessments can be made as soon as the vehicle's properties
are known and long before these vehicles have been operated long enough to see the effect of
their characteristics on the crash record. Figure 2 provides a diagram showing the process

through which safety-related performance can be used in evaluating and improving vehicle

designs.
Design attributes
Values of
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Figure 2. Handling and stability properties affecting safety.
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There is a strong background of information on the influences of a vehicle's mechanical
properties on vehicle performance in safety-related maneuvers, for example "Development Of
Regulatory Principles For Straight Trucks And Truck-trailer Combinations” [4]. Pertinent
information on the influences of TS&W variables were summarized in the Turner Truck

study. The influences of TS&W properties on safety-related performance have become
increasingly well understood. It is possible to predict the performance of new as well as current
vehicle configurations. Given this capability, associations between vehicle designs and the

crash record can be predicted.

An important, but sometimes misunderstood example, involves vehicle weight. Vehicle
weight per se may not lead to a performance problem because performance depends upon the
type of vehicle carrying the weight. If a vehicle’s weight was to be increased without changing
the design of the vehicle to accommodate the additional weight, one would expect the crash
record to degrade because the vehicle's safety-related performance would decrease. For
example, if additional load is simply piled onto an existing vehicle, the rollover threshold
would decrease because the center of gravity height would be increased and the center of
gravity would move further outboard in a turn because the same suspension roll stiffness was
attempting to balance a greater roll moment. On the other hand if a new vehicle with longer
payload-space dimensions (lower c.g.) and more effective roll resistance was to be used to
carry the new heavier load, the rollover threshold could be raised to a safer value than that of
the current vehicle (even when the current vehicle is carrying a lighter load than the new
vehicle). There needs to be careful consideration given to the influence of weight changes.
Simply adding weight to existing vehicles is a poor idea, but new vehicles that are designed to
carry more weight can well be safer than less productive, current vehicles. Figure 3, taken from
the Turner Truck report [10], illustrates the basic concept of designing to achieve good safety-
related performance as applied to heavier vehicles and considering not only rollover threshold

but safety-related performance in braking and directional control as well.

The Turner Truck study also examined the influences of driver, road, and environmental
factors. The in-service safety record of a vehicle is also influenced by the demands placed on
the vehicle by the environment it is operated in. A safety problem doesn't arise until the driver
1s 1n a situation that requires more performance than the truck can provide. This topic is

discussed further in Section 2.2.
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1.3 Synthesis of Truck Operating Characteristics and Highway Design

In the last few years there have been a number of meetings addressing truck operating
characteristics and reports assembling information on truck operating characteristics, especially
as they apply to highway design, operations, and maintenance. Highway agencies tend to
follow AASHTO Standards quite closely [14]. In these Standards there are numerous
examples in which trucks play a role in setting geometric design conditions for roads. A recent
ITE publication entitled “Geometric Design and Operational Constderations for Trucks” [15]
covers many of the truck operating characteristics currently used in highway design. From a
highway designers point of view, many of these design matters involve an element of safety in
the sense that smooth flow of traffic with limited variation in speed and adequate sight distance

are prerequisites for a safe roadway.

Currently TRB with AASHTO backing is supporting a synthesis of information on truck
operating characteristics[16]. The performance evaluation information presented in that study is
organized by the influence of vehicle characteristics and road design factors on situations
involving turning, accelerating and braking, crash avoidance maneuvers, pavemnent loading,

and congestion.

Turning at intersections, turning on ramps, and traveling on horizontal curves are considered in
the section on turning situations. Offtracking toward the center of the turn is important during
low speed turning. The vehicle factors that contribute to offtracking are the distances between
axles (or axle sets) and articulation points. To the extent that property damage and pedestrian
concemns are a safety problem, low speed offtracking may be considered a safety-related
performance issue. At higher speeds there are concerns with directional control and rollover
propensity. The curvature, superelevation, and expected truck speeds on ramps can lead to
places where heavy trucks, having high centers of gravity and traveling a little faster than the
intended speed of the roadway, may rollover. These high speed turning situations are all safety-
related, and they show the need to coordinated TS&W properties with the geometric design of

roadways.

With regard to longitudinal acceleration and deceleration, the acceleration capabilities of heavy
trucks are important in meeting demands for moving expeditiously across rail crossings and
through intersections as well as for sustaining speed on hills and accelerating from low speeds
or from a stop on upgrades. Trucks with weight to power ratios of 300 pounds per horsepower
(hp) and more can be traffic impediments and safety hazards because roads are often designed

with the level of acceleration capability implied by 300 pound/hp or less. Clearly if trucks are
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allowed to get heavier without corresponding increases in power, they will be less capable n
uphill situations as well as slower in crossing intersections, especially if they are not geared for

low speed acceleration capability.

The acceleration characteristics of vehicles need to be coordinated with the sight distances
available for crossing an intersection or railroad track. The truck driver needs to be able to see
far enough to decide if it is safe to enter the intersection without causing vehicles that are
approaching on the cross road to perform an unusual maneuver. Low acceleration capabilities

increase the need for long sight distances.

Braking characteristics of trucks also need to be coordinated with highway design
characteristics. Again, sight distances need to be long enough so that truck drivers can decide to
stop when the situation requires it. If a heavy truck does not have enough brake torque
capability to meet the demands for stopping within the available sight distance, there is a safety
hazard. Clearly increases in weight need to be accompanied with increases in brake torque

capability, especially if sight distances are not changed.

Another problematic situation for existing trucks as well as for new types of trucks is
maintaining speed on downgrades. Given that the pounds of brake mass to pounds of vehicle
mass is limited for trucks, there is a greater tendency for truck brakes to overheat than there is
for car brakes. If trucks are allowed to carry heavier loads, there is a need to increase the
thermal capacity of the brakes and/or restrict the vehicle to very slow speeds on downgrades.
Since low speeds may represent a traffic hazard as well as a loss in productivity, greater
thermal capacity is the preferred solution for heavier vehicles. In downhill descents it is
important that all brakes do their fair share of the work and that brake adjustment and balance
be carefully attended to.

It is pertinent to this discussion to observe that the lengths of trucks are not taken into account
in designing roads with passing sight distances that are adequate for passing long trucks. The
influences of truck lengths on passing requirements have been considered recently in Michigan
[17]. Nevertheless, this subject warrants more study with the results to be used in evaluating
whether certain roads are suitable for use in allowing long heavy trucks access to particular

locations.

From NHTSA's point of regard and authority, the operating characteristics of trucks in crash
avoidance situations is very important. As already described, there have been several studies

pertaining to performance in safety-related situations involving rollover, obstacle avoidance
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(i.e., rearward amplification), rearend collisions, and running off the road. The draft TRB
synthesis links vehicle/driver factors and highway factors to performance evaluation and

achievement in all of these situations.

The sense of all of the recent studies covered here is that we know a lot about how to make
large trucks operate safely. The problem seems to be one of figuring out reasonable policy for
achieving safe operating performance along with productivity and endurance of the
infrastructure. Even with a policy direction in place, however, there will be need for
considerable effort to arrive at policies with a strong scientific foundation, appeal to truckers
and the public sector, and a practical, pragmatic regard for the realities of delivering goods to

consumers.
2. Technical Relationships Between TS&W Policy and Safety

The general approach here argues that performance measures can be used to evaluate the safety
impact of proposed TS&W policy. Historically, TS&W policy alone does not sufficiently
define the vehicle with regard to performance measures. A range of performance measures
may be possible for a given TS&W policy, depending upon the way in which a truck is
configured to comply with the policy and the highway environment in which the truck is
operated. Safety could be incorporated in future TS&W policy by requiring that certain

performance measures stay within acceptable bounds.
2.1 Performance Measures, Safety, and TS&W Policy

This material includes available evidence linking accidents and performance measures (mostly
from the Turner Truck report [10]). Projections concerning the accident involvement rates of
new types of vehicles, are based on the performance characteristics and accident records of
existing vehicles. The keys to doing this are: (1) estimating vehicle performance 1n safety-
related maneuvers and (2) developing relationships between vehicle performance and accident
involvement rates. The methodology, previously diagrammed in Figure 2, illustrates how
these key capabilities have been used in making safety evaluations and specifying desirable
design attributes.

The upper part of Figure 2 (Section 1, p 9) contains a path running from vehicle design to
safety evaluations. Given basic layouts of the vehicle configurations including the numbers of
axles, the mechanical properties of these vehicles were specified in sufficient detail so that
computer models could be used for predicting vehicle performance in safety-related maneuvers

[18]. The levels of these performance measures in the safety-related maneuvers constitute
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predictions of "intrinsic safety” or "inherent safety" [19]. The terms "intrinsic” or “inherent”
pertain to those aspects of safety that depend upon properties of the vehicle itself and the
vehicle's ability to be forgiving of poor roads and/or poor drivers. The levels of performance
measures pertaining to the safety-related maneuvers selected for this study constitute one of the
inputs used in the safety evaluations presented herein (see the diamond shaped block in Figure

2 which appears in the previous section).

The other input to the safety evaluations comes from an analysis of accident and travel
information on existing configurations. Only one usable source of suitable data was identified
in the Turner Truck study—and in that source, truck involvements were limited to fatal
accidents in the period from 1980 to 1984 [20]. Furthermore, the existing variables in the data
base were not sufficient for directly establishing relationships between accident involvement
rates and levels of vehicle performance. In order to establish those relationships, it was
necessary to perform analyses to determine relationships between (1) the vehicle factors that
exist in accident and travel databases, and (2) derived variables representing performance
measures applicable to offtracking, braking, rollover, handling, and trailer "whipping"
(rearward amplification). These derived variables were added to the accident and travel data
files so that they could be used in computing involvement rates based on vehicle performance

properties for truck configurations commonly in use.

The findings of the safety evaluations provide evidence supporting the following general

conclusions:

. There are design attributes which, when applied to Turner Trucks, will limit the
involvement risks for specific accident types to be comparable to or better than
the accident involvement risks associated with current "baseline” vehicles.

. Based on the materials provided and discussions with manufacturers, the

prototype vehicles can be equipped with engines and power trains that will
make their hill climbing and acceleration capabilities comparable to those of
current 80,000 pound Western doubles. As with Western doubles, due to the
low ratio of drive axle load to gross combination weight (GCW), the prototype
vehicles may have limitations with regard to climbing steep grades when the

roadway is slippery.
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. As expected, the building of a mock-up 9-axle Turner Double demonstrates that
such a vehicle could be readily developed using existing hardware and that the

performance of this vehicle would be as predicted in safety-related maneuvers.

. The simulation results (predicted performances) indicate that the prototype
vehicles equipped with reasonable tires, brakes, and suspensions would be
capable of meeting or exceeding minimum performance standards based on the
performance capabilities of current vehicles, even though the prototype vehicles

were longer and heavier than current vehicles.

. With care and ingenuity, accident and travel records can be used to establish
relationships between performance levels and the risks of involvements in
particular types of accidents. This is a new area of accident data analysis. The
work in this study extends pioneering work regarding rollover [6,21] and
jackknifing [22] and addresses other types of accidents.

Since most accident investigations and collections of accident or exposure data have paid little
attention to assessing the performance capabilities of the heavy trucks involved, there are very
few sources of information that can be used to link truck performance and handling properties
to highway safety. However, vehicle dynamicists have forged ahead by defining what has
been called "intrinsic” or "inherent” safety [23,24]. The basic notion underlying this approach
is to examine vehicle performance in safety-related maneuvering situations leading to such
events as rolling over, jackknifing, loss of directional stability, poor tracking, and poor braking.

Given that rollover and jackknifing are (1) easily recognized by accident investigators and (2)
readily predicted by appropriate types of vehicle analyses, rollover and jackknifing accident
involvements have been related to the accident record [6,21,22]. These studies show that
rollovers are a major accident type for fully laden trucks and truck combinations and that
jackknifes are most important for empty combinations. With regard to rollovers, important
countermeasures are to keep centers of gravity as low as practical, to keep track widths of tires
and springs as wide as practical, and to keep the center of gravity of the load from shifting
sideways by using high roll stiffness in appropriate suspensions, preventing cargo shifting, and
reducing slosh [25,26]. With regard to jackknifing, improvements in brake proportioning and
antilock systems are recommended [9,27]. The problem is that the traditional approach to
brake proportioning in the United States has been to design for fully laden axles without
considering difficulties that can arise when the vehicle is empty or when load is transferred

from the rear axles to forward axles due to high declarations. Heretofore, rollover has been the

February 6, 1995 Page 16



primary instance in which vehicle performance levels have been tied to information contained
in the accident record. (For example, see Figure 4 illustrating how rollover thresholds were

related to rollover accidents in reference [28].)

Rollover accidents per million miles

1.50 -
1.25 +
1.00 4
0.75
0.50 1

0.25 4

0.00 T T T T T 1
0.00 0.25 0.50 0.75

Rollover thresholds, g's

Figure 4. Rollover rate versus rollover threshold for a tractor with a van semitrailer. [28]

Now return to the vehicle dynamicist's point of view in which terms such as "active safety” or
"pre-crash safety" are applied to accident avoidance situations. It is postulated that, if efforts to
improve vehicles with respect to their accident avoidance capabilities are successful, the
vehicles involved will appear less frequently in the accident record. The perspective taken here
is that improved performance capabilities will lessen the likelihood that drivers will find

themselves in situations that they cannot control or resolve satisfactorily.

The following practical goals have been used to develop analytical procedures for evaluating

vehicle performance in safety-related maneuvers:

. The rear end of the vehicle should follow the front end with adequate fidelity.

. The vehicle should safely attain a desirable level of deceleration during braking.
. The vehicle should remain upright (not roll over).

. The vehicle should be controllable and stable in following a desired path.
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The following maneuvering situations have been selected for use in assessing vehicle

performance relative to the practical goals listed above:

. Steady turn—rollover (Section 2.1.1)

. Obstacle evasion (rearward amplification, Section 2.1.2)
. Constant deceleration braking (Section 2.1.3)

. Low-speed offtracking (Section 2.1.4)

. High-speed offtracking (Section 2.1.5)

Developers of future size and weight regulations may want to consider the appropriateness of
establishing performance levels for the purposes of promoting truck safety. Currently, there
are no "fully justified" levels of performance in the sense that the benefits/costs are completely
understood and connections with the accident record are not quantified for the current
environment. However, examinations of the accident record have provided useful perspectives
as to the relative importance of the various maneuvering situations. It is not reasonable to
assume that these maneuvering situations are all equally important. In particular, based on the
accident record, rollover and braking have been considered to be more important than the other
safety items. Nevertheless, judgments have been made regarding target performance levels. If
one accepts these judgments and, also, recognizes that these analyses represent the
performance of idealized vehicles that do not suffer from practical problems that occur in the
trucking environment, then the relative differences in performance can be used in guiding
changes that are expected to represent directions for improving both productivity and safety.

2.1.1 Roll Threshold

Heavy trucks with high centers of gravity are prone to rolling over in turning maneuvers.
Examinations of the accident record have shown that the static roll stability of trucks correlates
well with rollover experience. The results of these examinations indicate that the rollover of
heavy tractor-semitrailers 1s very sensitive to their intrinsic rollover thresholds, especially

where the rollover thresholds are less than 0.4 g. (See Figure 4 in Section 2.1.)

Test procedures and calculations can be used to examine the rolling performance of a vehicle
during steady-turning maneuvers. The calculation procedures represent analytical equivalents
of tilt-table experiments. The primary factors influencing roll are c.g. heights, axle track widths,
spring and tire rates, spring spreads, roll center heights, and axle loads. The performance

measure is the level of lateral acceleration at which rollover will occur.

February 6, 1995 Page 18



A target performance level from the Tumer Truck study:

The level of lateral acceleration which can be achieved without rolling over in a steady turn has
been selected to be 0.38 g for fully laden vehicles with the center of gravity of the payload at
the center of the cargo container. This level is believed to be achievable with current hardware,
especially if free plays in the springs and fifth wheel are kept to a minimum. The comparable
performance level predicted for a baseline tractor-semitrailer is 0.375g. (Some current vehicles
with soft springs, 96-in (2.4 m) track widths, high payloads, and considerable suspension lash

may have rollover thresholds as low as 0.25g.)

Results pertaining to rollover illustrate (1) the distribution of rollover threshold in the fatal
accident record for the current vehicle fleet (see Figure 5) and (2) rollover rate as a function of
rollover threshold (see Figure 6). These results indicate that the current vehicles tend to have
rollover thresholds in the 0.3g to 0.4g range and that the relative involvement ratio is large for
vehicles in this range of rollover threshold. There are not enough cases in these fatal accident
data to indicate the rollover rate for vehicles with rollover thresholds less than approximately
0.35g. The absence of vehicles in this range may be an indication that such vehicles are hard to
operate safely and are rarely used unless the risk appears to be worth the desire to be
productive. In any event, requiring heavy vehicles with rollover thresholds greater than 0.38g,
when fully laden, will be comparable to the current fleet except that vehicles with intrinsically

low values of rollover resistance (below 0.35g) would be avoided.
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Figure 5. Distribution of travel by rollover threshold
for 5-axle van and tank singles and van doubles [10]
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Figure 6. Relative risk by rollover threshold

fatal accident involvement of 5-axle van tractor semitrailers [10]
2.1.2 Obstacle Evasion (Rearward Amplification)

This is a phenomenon that pertains primarily to vehicles with more than one articulation point,
for example, truck-full trailers and doubles and triples combinations. It occurs during obstacle-
avoidance maneuvering in which the driver has to react quickly—situations such as when a car
pulls out or stops quickly in front of a truck and the truck driver attempts to drive around the
obstruction, proceeding at highway speed in the original direction of travel. (In general,
rearward amplification is small and of no concern in those more normal situations in which the
driver has time to plan ahead.) The phenomenon is believed to be the cause of a number of
rollovers of double-bottom tankers in Michigan and it has been demonstrated in proving

grounds tests and in driver training films.

In obstacle-avoidance maneuvers, multitrailer vehicles experience a "cracking-the-whip"
phenomenon where the lateral accelerations of rear trailers are amplified considerably. (See
Figure 7.) In this context, the lateral acceleration of the first unit may be viewed as the
independent input variable employed in evaluating the extent to which the motion of the last
unit exceeds that of the first unit. Rearward amplification is technically defined as the ratio of
the lateral acceleration of the last unit to the lateral acceleration of the first unit of the vehicle
[12]. The maximum amount of amplification is then used as the performance measure for this

maneuver.
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Figure 7. In a rapid obstacle avoidance maneuver, rearward amplification produces dramatic

motion of the rear trailer, sometimes resulting in rollover.
A target performance level from the Tumer Truck study:

A value of 2.0 has been chosen as a target level of rearward amplification [8]. This level can
be reached by doubles combinations with stiff tires, relatively long trailers, and favorable hitch
locations. Innovative dollies with special hitching arrangements and the use of semitrailer-
semitrailer doubles (B-trains) are measures that can be used to control rearward amplification.
For tractor-semitrailers, rearward amplification is approximately 1.0. Hence, the basic tractor-
semitrailer does not encounter the same concerns with amplification-induced rollover or
transient high-speed offtracking as vehicles with multiple articulation points. Nevertheless, a
value of 2.0 has been chosen to represent a possible bound for vehicles with more than one
articulation joint, since this value is typical of the performance of a Western double.
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If this performance level cannot be met through the use of stiff tires, long trailers, and
favorable hitch locations, controlled-steering dollies can be used to greatly reduce rearward
amplification. For example, controlled-steering C-dollies can be used to reduce rearward

amplification from 2.3 for poor examples of Western doubles to 1.5.

More than 30 percent of the five-axle doubles in the fatal file are estimated to have rearward
amplification values greater than 2.4 (Figure 8). (Figure 8 is derived from [10] using results
for an obstacle maneuver such as that specified in J2179 [12].) Associations between rearward
amplification and single vehicle accidents, rollover accidents, and steering related accidents are
shown in Figures 9, 10 and 11. These results show that vehicles with rearward amplification
greater than 2.3 have much higher involvement ratios than vehicles with lower levels of
rearward amplification. Examination of the details of the accident record show that many of the
vehicles with rearward amplification greater than 2.3 have short trailers with lengths less than
27 feet and frequently with lengths in the 22 to 24-foot range. These vehicles have an accident
record that is much worse than that of the Western 5-axle double which has a rearward
amplification of 1.8 to 2.3 when fully laden.
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Figure 8. Distribution of travel by rearward amplification

for 5-axle double trailer combinations

February 6, 1995 Page 22



2.48

High Speed

O Low Speed

Relative Risk

<1.8 1.8-2.3 >2.3

Rearward Amplification

Figure 9. Relative risk of single-vehicle fatal accident involvement by rearward amplification

for 5-axle double trailer combinations by road speed
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Figure 10. Relative risk of rollover fatal accident involvement by rearward amplification

for 5-axle double trailer combinations by road speed
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